Impedance (Z), and phase angle (θ) of a parallel-plate capacitor with a single cherry fruit between the plates were measured using a CI meter (Chari's Impedance meter), at 1 and 9 MHz. Capacitance C was derived from Z and θ, and by using the C, θ, and Z values of a set of cherries whose moisture content (MC) values were later determined by the hot air-oven method, a calibration equation was developed. Using this equation, and their measured C, θ, and Z values, the MC of a group of cherries, not used in the calibration, was predicted. The predicted values were compared with their vacuum-oven values. The method worked well with an R 2 value of 0.98 and a standard error of prediction (SEP) of 1.24, in the measured moisture range between 5% and 20%.
Introduction
The United States is the second-largest producer of cherries in the world, right behind Turkey, the leading producer. Cherries are of two varieties, prunusavium L, the sweet one, and prunuscerasus L, the tart one. The later variety is predominantly grown in the state of Michigan. Cherries are highly perishable, and to preserve them for longer periods, they are subjected to drying to decrease their moisture content to a safe level [1] . Dried cherries have a much longer shelf life, and are available to the consumer, at any time during the year [2] . However, dried fruits are also susceptible to damage by microorganisms as in the case of cereals and nuts. High moistures are known to be conducive to such damages that leave the fruits unfit for human consumption. Drying the fruit was found to have a minimal effect on its nutritional value, and have the advantage of occupying less storage place than the fresh fruit. Drying of cherries is usually done by atmospheric forced-air driers, by passing hot air over them at controlled relative humidity, till they dry to the required MC value. During the process the MC has to be measured repeatedly to ensure that the heating is stopped when the required moisture value is obtained. Over-heating could increase the drying costs, and adversely affect the quality of the fruit. Presently available methods for moisture determination in fruits such as cherries are the standard vacuum-oven method [3] and the Karl Fisher titration method [4] . In the vacuum-oven method, the MC is determined by heating the samples in a vacuum-oven at 70˚C till a constant weight is obtained. The method is time-consuming and destructive. In the Karl Fisher method, the fruit is ground to a pulp and used in the titration. This method is also time-consuming and destructive. Thus, a method which is rapid and nondestructive would be of great use in the fruit industry to measure the MC content repeatedly, and without sample preparation or destroying the sample. In this work, an electrical method is described that would be suitable for cherries and similar fruits.
Basic Principles
Previous research showed that the variation in dielectric constant with MC for shelled yellow field-corn was more pronounced between 1 and 5 MHz [5] . Thus, (ε r1 − ε r2 ), the difference in the dielectric constants at 1 and 5 MHz or any other higher frequency, should be a good indicator of the moisture present in the material. The difference in capacitance of a parallel-plate system of plate area A and separation d at two frequencies can be written as
where, ε r1 and ε r2 are the dielectric constants of the material between the plates at the two frequencies, and ε 0 is the permittivity of free space (8.854 × 10 −12 Farad/m). Though (C 1 − C 2 ) has to be a good estimate of the MC, it was highly influenced by the size and shape of the sample held between the plates [6] . Variations in two other related electrical parameters, phase angle (θ) and dissipation factor (D) were also considered and empirical equations were developed, to estimate MC of corn, wheat, shelled and in-shell peanut samples, that included terms, (C 1 − C 2 ), (θ 1 − θ 2 ), and (D 1 − D 2 ) at 1 and 5 MHz [7] . This minimized the errors due to the variations in the size and shape of the samples.
The phase angle change, (θ 1 − θ 2 ) accounts for the loss factor. Dissipation factor is a measure of energy loss that results from subjecting a dielectric to an alternating current electric field. It is related to the Q factor of the peanut material and is a measure of the energy stored in the electric field relative to energy dissipated in any one period. The power dissipated depends on the equivalent resistance of the complex circuit, and thus the variation in the impedance values, (Z 1 − Z 2 ) of the system at the two frequencies adequately represents the term (D 1 − D 2 ). Thus, from the values of (C 1 − C 2 ), (θ 1 −θ 2 ) and (Z 1 − Z 2 ) measured with a two parallel-plate system fitted inside a cylinder, the MC of the grain, nuts or any other aqueous sample could be estimated to an acceptable accuracy [8] . For a single parallel-plate system the semi-empirical equation used was:
where, C 1 , θ 1 , Z 1, and C 2 , θ 2 , Z 2 are the capacitance, phase angle and impedance at 1 MHz and 5 MHz respectively. A 0 … A 6 are the calibration constants. The calibration constants were evaluated from measurements on several samples of known MC values, and applying a least squares computation. The square terms were included to compensate for the nonlinearity in the dependence of MC on these variables. In the case of cherries, the measurements at 1 and 9 MHz were used as they gave the best predictions of the moisture.
Moisture Meter
An impedance meter called the CI meter (Chari's Impe- dance meter) designed and developed by the first author was used to measure the two parameters, impedance (Z) and phase angle (θ). Three frequencies 1, 5 and 9 MHz are generated by crystal oscillators as shown in the block diagram (Figure 1 ) drawn for 1 MHz. The electronic circuits for the three frequencies are similar. These signals are applied to the parallel-plate electrode system (z) alternately, by switching through a multiplexer. Initially, at 1 MHz, the current, flowing through this system with an impedance Z, is fed into an op-amp. The same current flows through the range resistor R r . The output voltage of the op-amp and the original 1 MHz signal from the oscillator are rectified and measured as e m1 and e r1 respectively. This is done similarly, at 5 and 9 MHz. The capacitance of the parallel-plate system is computed as: C = −1/2πfX, where X = |Z|Sinθ.
Electrode System
The electrode system made for this study consisted of two circular plane and parallel electrodes, made of brass and 25-mm in diameter, between which the samples were held. During the measurements five or six dry cherries were placed on the lower electrode and held in position by the upper electrode which can be moved up and down under a light spring pressure (Figure 2) . Care was taken to make sure that the samples were sitting well within the parallel-plates to avoid any possible edge-effects of the transmitted radiation. The CI meter measured the phase angle and impedance of the parallel-plate system, with the cherry samples between them, at each of the frequencies 1, 5, and 9 MHz. The separation between the parallel-plates was initially adjusted such that even the thinnest cherry sample would be in contact with both the upper and lower plates. The spring pressure on the upper plate was adjusted according to the softness of the samples used, and the measurements were taken after the upper plate comes to rest in a fixed position, as indicated by the thickness gauze. A computer program was used to control, and collect data from the CI meter.
Cherry Samples
The cherry samples used in this work were supplied by Cherry Central 1 , Traverse City in Michigan, a processing and marketing corporation for cherries. The cherries samples were dried and processed, and were packaged for marketing. The initial moisture content of the samples received was about 11.5% as determined by the Karl Fischer titration method. The cherries were divided into seven groups of about 200 g each. Leaving one group at the original MC level of 11.5%, two groups were dried by hot-air blowers for different durations to get two lower MC levels. To the rest of the four groups appropriate quantities of distilled water was added to develop four higher MC levels. Thus, a total seven moisture groups were developed, and were placed in air-tight Mason jars. The jars were kept in a cold storage at 4˚C for a week, taking care to periodically rotate the jars to obtain homogenous samples at the same MC level within each jar. After one week, three replicate samples from each jar were subjected to the standard oven method for determining their MC values. After taking their wet weight, samples were dried in an oven at 70˚C ± 1˚C for 6 h under a pressure ≤100 mm Hg. The MC levels of the seven groups available for the experiment were, 5.5, 9.5, 11.5, 13.5, 15.5, 17.5 and 20%. From these groups with MC values 5.5, 9.5, 13.5, 17.5, and 20% were used for calibration, and were called the calibration lots. Groups with MC values of 5.5, 11.5, 15.5, 17.5, and 20% were used for validation and were called the validation lots. Measurements were made on 30 samples from each of the calibration and the validation groups, repeating each measurement three times on the CI meter. Though the MC levels 17.5% and 20% appear in both calibration and validation lots, the samples used for validation were different from the ones used for calibration.
Measurements
The MC values of the samples in each group of these two lots, determined by the Vacuum oven method, were considered as the standard average MC value for that group for the purpose of calibration and validation. All the samples were allowed to reach room temperature before the measurements. The room temperature was maintained at 21˚C ± 1˚C. Cherry samples from the 5.5% MC group were placed in between the parallel-plates, till they occupy the space between the two plates without protruding from the edges. The plates accommodated about 5 to 7 cherries. The parallel-plate sensor was connected to the CI meter, from which the RF signals, applied through one of the plates, go through the sample, and return through the second plate into the CI meter. Three measurements of Z, and θ were made at 1, 5 and 9 MHz, using the CI meter on this sample, and fed into the computer. From the values of Z and θ the corresponding C value was computed by the program, and all three values were stored in the computer. The procedure was repeated on another 29 samples from this group, and on 30 samples from each of the other MC groups from both the calibration and validation lots.
Results and Discussion
From the θ and Z values measured on the five calibration groups the C values were computed for each measurement. In the first group, each of the 30 samples is assigned the average MC value of 5.5%, the standard value obtained by the oven method. Similarly, the other four groups have their MC values as 9.5%, 13.5%, 17.5% and 20%. Applying SAS [9] procedures for regression analysis the values of the constants A 0 to A 6 in Equation (2) were determined from these calibration groups using the measured values of θ, Z and the corresponding C and MC values. The values thus obtained for the constants were: To check the fitness of Equation (2) initially in the calibration groups, the numerical values of constants were substituted in Equation (2), and using the C, θ and Z values measured for each sample, its MC value was calculated. The MC values thus calculated were averaged for the 30 samples in each group and compared with the vacuum oven value assigned to that group. The results are shown in Table 1 . Also shown are the standard deviations in each group. In column 3 are shown the difference between the oven and the CI meter determined values. The calibration model had an R 2 of 0.94, and the standard error of calibration (SEC 2 ) was 1.23. The closeness of the predicted values to the oven values as indicated by the differences shown in column 3 above, and a good R 2 and SEC values indicate the good fit of the calibration equation. However, similar measurements were made on validation lots not used in the calibration, MC values were calculated using Equation (2), averaged over 30 samples in each group and compared with the oven values. The results are shown below along with differences and standard deviations in Table 2 . The difference in the predicted and the oven values, for the validation groups as shown above are very similar to the calibration group values. So are the standard deviations. The standard error of prediction (SEP 3 ) was 1.24 which is very comparablewith the SEC value of 1.23. Plotted in Figure 3 below are the predicted and oven determined values for the validation groups. The validation results had an R 2 value of 0.98. Close SEC and Sep values along with a good R 2 value for both the calibration and prediction of the validation group indicate that the CI meter is suitable for predicting moisture content in dry cherries non-destructively and rapidly. Better accuracies could be obtained by improving the MC determinations with the vacuum oven, and making measurements on larger moisture groups.
Conclusion
Measurements of impedance Z, and phase angle θ of a sample of cherries between the sensor plates of the CI meter, described here, can be used in an empirical equation to estimate the average moisture content of the cherries in the sample. This method is rapid and nondestructive and has the potential to replace the presently used cumbersome methods such as Karl Fischer titration. A commercial model made on these lines can save money and labor in the dry fruit industry.
